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Background: Prolactin, but not its best studied mediator STAT5a, is associated with breast cancer progression.
Results: In stiff but not compliant collagen matrices, prolactin promotes tumorigenic processes via an enhanced ERK1/2
cascade.
Conclusion: Extracellular matrix stiffness powerfully modulates the spectrum of prolactin signals and actions.
Significance: Prolactin and stiff matrices interact in a feed-forward loop in breast cancer, suggesting new therapeutic
approaches.

Clinically, circulating prolactin levels and density of the
extracellular matrix (ECM) are individual risk factors for breast
cancer. As tumors develop, the surrounding stroma responds
with increased deposition and cross-linking of the collagen
matrix (desmoplasia). In mouse models, prolactin promotes
mammary carcinomas that resemble luminal breast cancers in
women, and increased collagen density promotes tumor metas-
tasis and progression.Although the contributions of the ECMto
the physiologic actions of prolactin are increasingly understood,
little is known about the functional relationship between the
ECM and prolactin signaling in breast cancer. Here, we exam-
ined consequences of increased ECM stiffness on prolactin sig-
nals to luminal breast cancer cells in three-dimensional collagen
I matrices in vitro. We showed that matrix stiffness potently
regulates a switch in prolactin signals from physiologic to pro-
tumorigenic outcomes. Compliant matrices promoted physio-
logical prolactin actions and activation of STAT5, whereas stiff
matrices promoted protumorigenic outcomes, including
increased matrix metalloproteinase-dependent invasion and
collagen scaffold realignment. In stiff matrices, prolactin
increased SRC family kinase-dependent phosphorylation of
focal adhesion kinase (FAK) at tyrosine 925, FAK association
with the mitogen-activated protein kinase mediator GRB2, and
pERK1/2. Stiffmatrices also increased co-localization of prolac-
tin receptors and integrin-activated FAK, implicating altered
spatial relationships. Together, these results demonstrate that
ECM stiffness is a powerful regulator of the spectrum of prolac-
tin signals and that stiffmatrices andprolactin interact in a feed-
forward loop in breast cancer progression. Our study is the first

reported evidence of altered ECM-prolactin interactions in
breast cancer, suggesting the potential for new therapeutic
approaches.

Prolactin (PRL)2 is a protein hormone produced by the pitu-
itary gland in mammals as well as in peripheral tissues, such as
the mammary gland in women (1). It is a critical regulator of
mammary physiology, driving alveolar proliferation and lacta-
tion (2). Epidemiologic and experimental studies have also
pointed to roles in breast cancer. A large prospective study
nested within the Women’s Health Study correlated elevated
serum PRL with the risk of estrogen receptor �-positive breast
cancer independent of circulating estrogen (3), and smaller
studies also associated high activity of PRL in established
tumors with treatment failure, earlier recurrence after reces-
sion, and worse overall survival (for reviews, see Refs. 3–6).
However, the mechanism(s) whereby PRL contributes to these
outcomes is poorly understood.
PRL binding to its receptor (PRLR), a class I cytokine

receptor, initiates signals through many different pathways,
including JAK2-STAT5 and MEK1/2-ERK1/2 kinases (7);
however, these pathways have quite distinct effects on cell
behavior. Mouse models have demonstrated that PRL signal-
ing through JAK2-STAT5 accounts for the vast majority of
its physiological actions in the mammary gland (8, 9). How-
ever, activation of STAT5 in clinical breast cancers predicts
sensitivity to antiestrogen therapies and more favorable out-
comes (10–12) modeled by experimental murine PRL-in-
duced mammary carcinomas (13). PRL also initiates strong
phosphorylation of ERK1/2 in breast cancer cells in vitro (7)
and in the murine mammary gland in vivo (14). Moreover, it
cooperates with growth factors to prolong phosphorylated
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ERK1/2 (pERK1/2) (15) associated with increased matrix
metalloproteinase (MMP) expression and invasion (16). We
have shown previously that PRL signals to STAT5 and mito-
gen-activated protein kinase-stimulated activating protein 1
are inversely related in vitro and in vivo (13, 17). Consis-
tently, PRL-induced carcinomas that exhibit lower levels of
phosphorylated STAT5 (pSTAT5) express higher levels of
MMPs (13), some of which are driven by mitogen-activated
protein kinase-activated activating protein 1 enhancers (18).
Furthermore, reduction and/or inhibition of STAT5 in
breast cancer cells in vitro increases PRL-stimulated inva-
siveness (17, 19). Together, these studies indicate that vari-
ations in the relative strength of PRL-activated pathways can
have profoundly different outcomes in breast cancer. How-
ever, the factors that regulate the balance of PRL-initiated
signals are not understood.
Epidemiological studies also link breast density and the risk

and progression of breast cancer (20–22). Collagen I is a major
component of the extracellularmatrix (ECM) in the developing
and adult mammary gland and of the increased fibrillar colla-
gens that elevate mammographic density (23, 24). As cancers
progress, the stiffness of the ECM around the tumor increases
(desmoplasia) as a result of altered collagen deposition, cross-
linking, and remodeling (25). This increased ECM density
increases breast cancer invasiveness in vitro and metastasis in
vivo (for reviews, see Refs. 26 and 27). Cells sense the stiffness of
the ECM through Rho-mediated contraction (26, 27). In com-
pliant matrices, the ECM can be contracted with minimal
mechanical tension to the cells. Conversely, an ECM that is too
stiff for cell-induced contraction results in mechanically based
signal transduction through focal adhesions. This mechanical
tension in high density matrices increases basal levels of
pERK1/2 and initiates ERK1/2-dependent increases in prolifer-
ation and changes inmorphology and in the transcriptome (28).
Culture in high density collagen I gels also increases the associ-
ation of upstream modulators of ERK1/2, such as SRC family
kinases (SFKs), with focal adhesion kinase (FAK) (28). These
studies establish the FAK-SFK-ERK1/2 signaling cascade as a
key regulator of the switch between normal and disease-like
actions of cells in different collagen densities. PRL also has been
shown to activate these kinases (29–32), suggesting that ECM
stiffness and PRL may cross-talk through this signaling
pathway.
To study the effect of matrix stiffness on PRL actions in

breast cancer cells, we examined PRL-induced signaling and
cell behavior in two well characterized, luminal breast cancer
cell lines cultured in compliant and stiff three-dimensional col-
lagen I matrices in vitro. We report that matrix stiffness is a
potent modulator of the spectrum of PRL signals. A stiff colla-
genmatrix favored protumorigenic PRL actions, increasing co-
localization of PRLR and FAK, PRL activation of the FAK-SFK-
GRB2-ERK1/2 cascade, invasive behavior, and proinvasive
collagen realignment. In contrast, a compliant collagen matrix
favored more physiologically normal PRL responses associated
with increased pSTAT5. Our studies demonstrate that
increased stiffness of the ECM is sufficient to switch the out-
come of PRL signals in breast cancer cells from differentiation
toward enhanced tumorigenic processes. This work provides

one explanation for the apparent disparity betweenPRL activity
and poor outcomes in breast cancer and the positive therapeu-
tic response and favorable outcome predicted by STAT5 acti-
vation. Our findings have direct implications for PRL-directed
therapies.

EXPERIMENTAL PROCEDURES

Reagents—Antibodies used for these studies were purchased
as follows: pFAK-Tyr397 (catalog number 44624G), PRLR
extracellular domain (catalog number 35-9200), and pSTAT5-
Tyr694 (catalog number 71-6900) from Invitrogen; ERK1/2 (cat-
alog number 9102), pERK1/2-Thr202/204 (catalog number
9101), pFAK-Tyr925 (catalog number 3284S), and FAK (catalog
number 3285) from Cell Signaling Technology (Danvers, MA);
FAK clone 4.47 (catalog number 05-537) from EMDMillipore
(Billerica, MA); and STAT5 (catalog number sc-835x) from
SantaCruz Biotechnology (SantaCruz, CA). An antibody to the
PRLR (LFA-102) was a gift from Novartis Pharma AG (Basel,
Switzerland). �1 integrin-blocking antibody (clone mAb13,
catalog number 552828) and rat IgG2a,k isotype antibody (cat-
alog number 555841) were purchased from BD Biosciences.
Inhibitors used for these studieswere purchased as follows: SFK
inhibitor PP1 (catalog number EI275) from Biomol Interna-
tional (PlymouthMeeting, PA) and SFK inhibitor SU6656 (cat-
alog number 572635) from Millipore (Billerica, MA). Phalloi-
din-FITC (catalog number P5282) and 1,10-phenanthroline
(catalog number 131377) were purchased from Sigma-Aldrich.
Recombinant hPRL (Lot AFP795) was obtained from Dr. A. F.
Parlow (National Hormone and Pituitary Program, NIDDK,
National Institutes of Health, Torrance, CA). Type I rat tail
collagen (catalog number CB354249) was obtained from Fisher
Scientific. All other reagents were obtained from Fischer Scien-
tific or Sigma.
Cell Culture—Estrogen receptor �-positive, PRLR� T47D

(17), and MCF-7 breast cancer cells (33) were maintained as
described prior to culture in collagen gels. The cells were plated
at 6 � 105 or 1.5 � 106 (immunoprecipitation experiments)
cells/ml in low (LD) (1.2 mg/ml) or high (HD) (2.8 mg/ml) den-
sity type I rat tail collagen at concentrations optimized for com-
pliance and stiffness as described previously (34). After 24 h in
collagen, the gels were released from the edges of the dishes,
floating the gels and permitting cells to contract the LDmatrix,
and cells were serum-starved for 24 h prior to hormone treat-
ment. For some experiments, �1 integrin signals were blocked
by pretreating T47D cells with isotype control or �1-blocking
antibody clone mAb13 (500 ng/ml) for 15 min prior to plating
in LDorHDcollagen. After 24 h, the gelswere released as above
and serum-starved in the presence of isotype control ormAb13
(500 ng/ml) for 24 h prior to hormone treatment. For other
experiments, cells were pretreated for 1 h with small molecule
inhibitors or a volume equivalent of vehicle (DMSO) prior to
treatment with PRL. For longer term studies, 6 � 105 T47D
cells in LD or HD collagen were cultured in 5% horse serum in
place of serum-free medium. Cells were treated every 48 h with
or without PRL (4 nM), and a half-medium exchange was per-
formed every 4 days.
Immunoblotting—Immunoblotting was performed as de-

scribed previously (35). Signals were visualized using
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enhanced chemiluminescence (Thermo Fisher) and quanti-
fied by scanning densitometry (VisionWorksLS, v7.1, UVP,
Upland, CA). Immunoprecipitation was performed as
described previously utilizing 125 �g of cellular protein and 0.6
�g of the rabbit FAK antibody (28).
Quantitative Real Time PCR—Quantitative real time PCR

was performed as described previously (35) and analyzed via the
��C(t) method using 18 S ribosomal RNA. The following
primer sequences were utilized: 18 S F, 5�-CGC CGC TAG
AGG TGA AAT TCT; 18 S R, 5�-CGA ACC TCC GAC TTT
CGTTCT;MMP2 F, 5�-CTGCAACCTGTTTGTGCTGAA;
MMP2 R, 5�-GGC TTG CGA GGG AAG AAG T; MMP9 F,
5�-CGG AGT GAG TTG AAC CAG; and MMP9 R, 5�-GTC
CCA GTG GGG ATT TAC.
Invasion Assays—Invasion assays were performed as

described (36). Briefly, T47D cells (3 � 105/well) were mixed
with low (1.2mg/ml) or high (2.8mg/ml) density type I collagen
in the presence or absence of 200 ng/ml (8 nM) PRL, plated in
Transwell permeable supports with polycarbonate membranes
containing 12-�m pores (Corning, Inc., Tewksbury, MA), and
allowed to polymerize for 20 min at room temperature.
RPMI 1640 medium containing 10% horse serum was placed
in the lower chamber, and the system was incubated at 37 °C
for 24 h. Traversed cells were counted after staining with
Giemsa stain. For some experiments, cells were pretreated
with vehicle or the MMP inhibitor 1,10-phenanthroline (1
mM) in dimethylformamide for 15 min prior to collagen
plating and PRL treatment. This concentration of MMP
inhibitor did not affect numbers of viable cells or metabolic
activity as determined by the CellTiter 96� AQueous Non-
Radioactive Cell Proliferation Assay (Promega Corp., Madi-
son, WI) (data not shown).
Quantitative Zymography—Quantitative zymography of

MMP-2 was performed as described (37). Briefly, condi-
tioned medium was collected after 24 h of hormone treat-
ment, separated by non-denaturing SDS-PAGE with 2
mg/ml gelatin, and then incubated for 18 h in enzyme rena-
turing buffer (50 mM Tris, pH 7.5, 200 mMNaCl, 5 mM CaCl2,
and 0.02% Nonidet P-40). Digested gelatin was visualized by
staining in 0.02% Coomassie R-250, 30% methanol, and 10%
acetic acid and quantified by scanning densitometry. Pro-
MMP-2 was identified at 72 kDa, whereas active MMP-2 was
identified at 60 kDa.
Immunofluorescence—Immunofluorescence was performed

as described (34) except that cells were permeabilized in 0.1%
Triton X-100. Primary antibodies for PRLR (Novartis) and
FAK-Tyr(P)397 were added to the gels for 45 min at room tem-
perature followed by extensive washing in PBS with 0.1%
Tween 20 (PBS-T) and subsequent secondary antibody addi-
tion (anti-rabbit TRITC and anti-human FITC), DAPI, or phal-
loidin-FITC. Confocal images were obtained on a Nikon
C1-LU3D-Eclipse confocal microscope at 100� magnification
with EZ-3.8 imaging software for data collection. Quantifica-
tion of co-localization was performed as described (38). Fluo-
rescent images were obtained on an E600 Eclipse fluorescence
microscope with an RGB camera and Nikon NIS-Elements
imaging software. Images were analyzed utilizing NIH ImageJ
software.

Multiphoton Microscopy and Second Harmonic Generation—
Multiphotonmicroscopy (39) and second harmonic generation
(40) were performed at the University ofWisconsin Laboratory
for Optical and Computational Instrumentation as described
(41). Z-stacks of 5 �m that spanned the thickness of each gel
were obtained utilizing the Laboratory for Optical and Compu-
tational Instrumentation-developed WiscScan software pack-
age. Collagen images were obtained at 890 nm, and NADH
images were obtained at 780 nm utilizing a Plan Fluor 20�
objective lens and a 445 � 0.5-nm narrow bandpass filter to
detect the second harmonic generation signal. Data were ana-
lyzed utilizing NIH ImageJ software.

RESULTS

High Collagen Density Shifts PRL Signals toward the ERK1/2
Cascade without Altering PRLR Expression—PRL can initiate
multiple signaling cascades, including the JAK2-STAT5 and
RAS-MEK-ERK1/2 pathways. To investigate the effect of
matrix stiffness on the relative strengths of the PRL signaling
repertoire, we cultured breast cancer cells in LD or HD matri-
ces. In T47D cells cultured in LD collagen gels, PRL initiated
robust phosphorylation of STAT5 (Fig. 1A). However, this was
reduced 2-fold in cells cultured in HD conditions (p � 0.01). In
contrast, T47D cells in HD culture responded to PRL with a
strong phosphorylation of ERK1/2 compared with LD condi-
tions (p � 0.01) (Fig. 1B). These differences in downstream
phosphorylation events were not influenced by changes in
PRLR expression; levels of neither the long PRLR isoform nor
the �S-1 isoform were changed by collagen density (Fig. 1C).
Similar effects on PRL-initiated signals were observed in
another luminal breast cancer cell line, MCF-7 cells (data not
shown).
Integrin heterodimers containing the �1 integrin subunit

link the ECM to downstream signaling cascades and play criti-
cal roles in mammary differentiation, including activation of
the JAK2-STAT5 pathway by PRL, as well as breast cancer pro-
gression via linkage to associated adaptors, such as FAK and
downstream signals (for reviews, see Refs. 42 and 43). Matrix
stiffness did not affect �1 integrin expression in T47D cells
(data not shown) as we reported previously (28). To evaluate
the importance of this integrin in the changes in the relative
strength of PRL signals observed, we used a blocking anti-
body that prevents �1 integrin from binding to the ECM
(44). Blocking �1 integrin signals reduced the ability of PRL
to phosphorylate STAT5 compared with isotype-matched
controls in both LD (p � 0.05) and HD (p � 0.01) matrices
(Fig. 1D) as well as decreased PRL-induced ERK1/2 phos-
phorylation in HD matrices (p � 0.001) (Fig. 1E). These data
demonstrate that �1 integrin is a critical link between the
ECM and PRL-initiated signals to STAT5 in our system as
reported for normal mammary epithelial cells (45, 46) inde-
pendent of matrix stiffness as well as in the strengthened
PRL signals to ERK1/2 in stiff matrices.
PRL Increases Formation of Well Differentiated Colonies in

Low Density Collagen but Increases Disorganized Structures in
High Density Collagen—To examine the long term effect of this
change in PRL signals on cell behavior, we examined effects on
morphology. T47D cells cultured in LD floating collagen gels
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form well differentiated structures, whereas HD culture results
in a non-differentiated morphology (34). In light of the change
in the balance of PRL-induced signals with matrix stiffness, we
hypothesized that PRL enhances morphological changes. To
test this, we cultured T47D cells in LD or HD collagen with 5%
horse serum in the presence or absence of PRL for 7 days. As
described previously (34), culture in compliant matrices signif-
icantly increased the ratio of well differentiated colonies with
strong apical lateral localization of cortical F-actin to disor-
ganized structures compared with HD culture (p � 0.001)
(Fig. 2A). Interestingly, PRL significantly further increased
the proportion of well differentiated colonies in compliant
cultures (p � 0.001) but increased that of irregular cell clus-
ters with disorganized F-actin staining in stiff matrices (p �
0.001) (Fig. 2).
PRL Increases MMP-2 Expression and Activity in High but

Not LowDensityMatrices—Wehypothesized that the observed
shift in PRL signals toward ERK1/2 in HD culture would result

in protumorigenic outcomes, such as increasedMMP-2 expres-
sion and activity (47). To test this hypothesis, we treated T47D
and MCF-7 cells in LD or HD collagen culture with or without
PRL for 24 h and examinedMMP2 transcript levels. In compli-
ant matrices, PRL did not alterMMP2mRNA (Fig. 3, A and B).
Stiff matricesmodestly increased unstimulated levels ofMMP2
mRNA but permitted PRL to significantly increase MMP2
mRNA levels up to 3.5-fold in MCF-7 cells (p � 0.05). MMP9
transcript levels followed a similar pattern. Stiff matrices
increased unstimulated levels of MMP9 mRNA 1.54-fold over
unstimulated levels in MCF-7 cells in compliant matrices (p �
0.05). Under these conditions, PRL was able to further increase
MMP9 mRNA levels 2.15-fold (p � 0.05). Similar results were
observed in T47D cells. To confirm that the increased MMP2
mRNA levels resulted in increased protein expression and
enzyme activity, we examined conditioned media fromMCF-7
cells cultured in LD or HD collagen in the presence or absence
of PRL for 24 h by gelatin zymography. Consistent with the

FIGURE 1. Stiff matrices increase PRL signaling to ERK1/2 and reduce that to STAT5 without altering PRLR levels. A and B, serum-starved T47D cells
in LD or HD collagen I gels were treated with or without PRL (4 nM) for 20 min. Cell lysates were immunoblotted with the indicated antibodies. Top panels,
representative immunoblots. Bottom panels, quantification of immunoblots by densitometry. Means � S.D. are shown. n � 3 (A); n � 4 (B). The asterisks
denote significant differences between treatments as determined by two-way ANOVA followed by paired t tests. **, p � 0.01; ***, p � 0.001. C, T47D cells
in LD or HD collagen I gels were harvested after 24 h of serum starvation, and cell lysates were immunoblotted for PRLR or ERK1/2. Top panel,
representative immunoblot. Bottom panel, quantification of the long PRLR isoform (lPRLR) compared with total ERK1/2 by densitometry. Means � S.D.
are shown. n � 3. D and E, serum-starved T47D cells in LD or HD collagen I gels were treated with isotype control antibody (�) or �1 integrin-blocking
antibody mAb13 (�) during plating and subsequent treatments as in A and B. Cell lysates were immunoblotted with the indicated antibodies. Top
panels, representative immunoblots. Bottom panels, quantification of immunoblots by densitometry. Means � S.D. are shown. n � 3 (D); n � 4 (E). The
asterisks denote significant differences between treatments as determined by two-way ANOVA followed by paired t tests. *, p � 0.05; **, p � 0.01; ***,
p � 0.001. Error bars represent S.D.
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mRNA levels, PRL did not affect either total (pro-MMP-2 plus
active MMP-2) or active MMP-2 in LD culture. However, in
stiff matrices, PRL significantly increased both total (p � 0.05)
and active (p � 0.05) MMP-2 (Fig. 3C).
PRL Increases Cell Invasiveness in a Density- and MMP-de-

pendent Manner—The ability to invade through a collagen
matrix is a hallmark of metastatic cells and is a key step in
disease progression (48). To determine whether the PRL-in-
duced increases in MMP-2 expression led to increased inva-
siveness, we performed Transwell assays with T47D cells in
different collagen densities. Consistent with our measured
MMP-2 activity, PRL did not stimulate invasion in compliant
matrices. Stiff matrices significantly increased cell invasiveness
and permitted PRL to further augment invasion 5-fold above
LD culture (p � 0.001) (Fig. 4A). To confirm that the increase
in PRL-induced invasiveness was mediated by MMP activity,
we utilized the pan-MMP inhibitor 1,10-phenanthroline.
This compound blocked virtually all cell invasion in HD cul-
ture, consistent with the pattern of MMP-2 activity (p �
0.001) (Fig. 4B).
PRL Induces Collagen Matrix Reorganization in HD, but not

LD, Collagen Culture—Collagen alignment around tumor
boundaries is a prognostic marker for human breast cancer

survival (49). Collagen fibers that align perpendicularly to the
tumor or cell boundary facilitate invasion, whereas parallel col-
lagen alignment reduces migration and is a signature for a less
aggressive outcome (41, 49, 50). To visualize the effect of PRL
on collagen alignment in three-dimensional collagen culture,
we utilized multiphoton microscopy combined with second
harmonic generation. Consistent with our biochemical and
morphological data, cells in LD collagen presented a non-ag-
gressive collagen signature. Collagen was poorly organized
throughout the matrix and paralleled cell membranes regard-

FIGURE 2. PRL increases formation of well differentiated colonies in com-
pliant matrices but disorganized structures in stiff matrices. T47D cells
were cultured in low or high density collagen gels for 7 days in 5% horse
serum with or without PRL (4 nM) and then stained for DAPI and phalloidin-
FITC as described under “Experimental Procedures.” A, well differentiated col-
onies and disorganized colonies were counted in individual 10� fields, and
the ratio was determined. Means � S.E. (error bars) are shown. n � 16. The
asterisks denote significant differences between treatments as determined
by two-way ANOVA followed by unpaired t test. ***, p � 0.001. B, represent-
ative organized and disorganized colonies stained with DAPI (left column) and
F-actin (right column). Scale bar, 50 �m.

FIGURE 3. PRL increases MMP2 mRNA and activity in stiff but not compli-
ant matrices. Serum-starved T47D (A) or MCF-7 (B and C) cells in LD or HD
collagen gels were treated with or without PRL (4 nM) for 24 h. A and B, MMP2
and 18 S ribosomal RNA transcripts were analyzed by quantitative real time
PCR as described under “Experimental Procedures,” and results were normal-
ized to LD, no-PRL samples. Means � S.D. are shown. n � 3. The asterisks
denote significant differences between treatments as determined by two-
way ANOVA followed by paired t test. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
C, conditioned medium from MCF-7 cells treated as above was assayed for
gelatinase activity as described under “Experimental Procedures.” Latent and
active MMP-2 was quantified by densitometry and expressed as a percentage
of active MMP-2 in LD collagen without PRL treatment. Means � S.D. are
shown. n � 3. Different lowercase letters denote significant differences in
active MMP-2 between groups (p � 0.05), and different capital letters denote
significant differences in total MMP-2 between groups (p � 0.05). Error bars
represent S.D.
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less of PRL treatment (Fig. 4, C and D). Tubule-like structures
were also observed in LD collagen, consistent with our previous
observations (Fig. 4D) (34). In contrast, HD collagen exhibited
more organized fiberswith some perpendicular to the cells (Fig.
4E). Strikingly, PRL treatment in HD culture stimulated radial
collagen alignment, evident as long, straight collagen fibers that
displayed a starburst pattern emanating from foci on the cell
periphery (Fig. 4F, white arrow).
PRL-induced Increase in pERK1/2 Is Mediated through SFK

Activation of FAK—High density collagen culture increases
basal levels of pERK1/2 through the SFK-FAK signaling cascade
(28).We hypothesized that this pathway would be enhanced by
PRL in HD culture. As shown in Fig. 5A, PRL induced SFK-de-

pendent FAK phosphorylation at Tyr925 (51) in both LD and
HD culture. However, in HD culture, this signal was more
robust so that after 15 min levels of FAK Tyr(P)925 were 2-fold
higher than in LD culture (p � 0.05). Although FAK-Tyr(P)397
was readily detected in unstimulated cells, PRL did not acutely
increase it regardless of matrix stiffness (data not shown). The
small molecule inhibitor of SFK activity, PP1, blocked PRL sig-
nals to pERK1/2 (Fig. 5B); similar results were observed with
SU6656 (data not shown) (52), establishing the role of SFKs in
this pathway. pFAK-Tyr925 binds the adaptor GRB2, linking it
to the MEK1/2-ERK1/2 cascade (53). As predicted, after 5 min
of treatment in HD culture, PRL increased GRB2/FAK associ-
ation compared with LD conditions (p � 0.01) (Fig. 5C, left).

FIGURE 4. PRL increases invasiveness in stiff matrices. A, serum-starved T47D cells were plated with or without PRL (8 nM) in LD or HD collagen gels onto
Transwell permeable supports and permitted to invade toward 10% horse serum for 24 h. Traversed cells were counted as described under “Experimental
Procedures.” Results are presented as percentage of LD, no-PRL treatment. Means � S.D. are shown. n � 3. B, serum-starved T47D cells cultured as in A were
pretreated with vehicle or 1,10-phenanthroline for 15 min prior to plating in high density collagen with or without PRL (8 nM) treatment. Results are presented
as percentage of HD vehicle-treated samples. Means � S.D. are shown. n � 3. The asterisks denote significant differences between treatments as determined
by two-way ANOVA followed by paired t test. **, p � 0.01; ***, p � 0.001. Error bars represent S.D. C, serum-starved T47D cells were cultured in LD or HD collagen
and treated with or without PRL for 72 h, and the collagen fibers were imaged by second harmonic generation as described under “Experimental Procedures.”
Representative images are shown. White, collagen; green, NADH. Arrows denote collagen fibers perpendicular to the cell membrane, whereas arrowheads
denote collagen fibers parallel to the cell membrane. Scale bar, 50 �m.
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However, after 10min of PRL treatment, GRB2 had dissociated
from FAK, consistent with PRL-stimulated internalization, dis-
assembly, and recycling of focal adhesions (54–56) (Fig. 5C,
right).
HD Culture Increases PRLR Co-localization with FAK—HD

culture results in increased formation of focal adhesions as
indicated by increased FAK localization to distinct puncta (57).
We hypothesized that HD culture would increase PRLR co-lo-
calization with FAK, facilitating signaling through this com-
plex. We performed co-immunofluorescence studies on T47D
cells in LD and HD culture for PRLR and FAK-Tyr(P)397, the
integrin-activated form of FAK present at focal adhesions (58,
59). In LD culture, FAK and PRLR presented diffuse, mem-
brane-specific staining with little apparent co-localization (Fig.
6A). In HD culture, PRLR and FAK exhibited increased co-lo-
calization in distinct puncta along with an apparent increase in
non-membrane staining consistent with increased focal adhe-
sion turnover observed in metastatic cancer cells (60) (Fig. 6B).
Quantification of co-localized PRLR and FAK-Tyr(P)397 by
threshold analysis showed a significant increase in PRLR/FAK-
Tyr(P)397 co-localization in HD compared with LD conditions
(p � 0.001). Based on the analysis parameters of Costes et al.
(38), PRLR/FAK-Tyr(P)397 co-localization increased 3-fold
between LD and HD culture (Fig. 6C).

DISCUSSION

Despite the association of PRL exposure with development
and poor outcome of luminal breast cancers clinically (3),
expression and activation of the best characterized PRL signal-
ing mediator, STAT5, are associated with more differentiated
tumors and better therapeutic responsiveness (10–12).
Although PRL activates other signaling cascades that promote

tumor progression, such as mitogen-activated protein kinases
and PI3K-AKT, the factors that regulate the PRL-induced sig-
naling repertoire are poorly understood. Here, we demon-
strated that ECMdensity is a powerfulmodulator of the balance
of PRL-induced signals with dramatic consequences for the
behavior of luminal breast cancer cells.
In compliant matrices, PRL preferentially induced pSTAT5,

resulting in prodifferentiation outcomes, including increased
formation of well differentiated colonies (Fig. 7, left). Under
these conditions, PRL did not stimulate MMP-2 expression or
activity or cell invasion. Conversely, in stiff collagen matrices,
PRL strongly induced pERK1/2, stimulatedMMP-2 expression
and activity, and increased invasive behavior (Fig. 7, right).
Expression of other metalloproteinases implicated in cancer
progression may also be altered (for reviews, see Refs. 61 and
62), although we did not evaluate their role here. Moreover,
PRL increased formation of disorganized, non-polar structures
and altered collagen alignment as described for aggressive
breast cancers (49). In stiff matrices, PRLR and activated FAK
co-localized to distinct puncta in three-dimensional matrix
adhesions that we have characterized previously (28), and
the SFK-FAK-GRB2-mitogen-activated protein kinase cas-
cade mediated the enhanced PRL signals to pERK1/2.
Together, our results indicate that PRL and a stiff ECM
strongly interact to convert well differentiated, non-invasive
T47D cells, which require genetic modification and/or a pro-
tumorigenic stimulus to become invasive (63, 64), to a more
malignant phenotype.
Focal adhesions are critical links between the ECMand intra-

cellular signaling cascades in mammary epithelia (65, 66). They
contain FAK, which clusters to integrin binding sites and

FIGURE 5. Culture in stiff matrices enhances PRL-activated, SFK-mediated phosphorylation of FAK and ERK1/2. A, serum-starved T47D cells in LD or HD
collagen gels were treated with or without PRL (4 nM) for the indicated times. Cell lysates were immunoblotted with the indicated antibodies and quantified by
densitometry. Means � S.D. (error bars) are shown. n � 3. The asterisks denote significant differences between treatments as determined by two-way ANOVA
followed by paired t test. *, p � 0.05. B, serum-starved T47D cells in low or high density collagen gels were pretreated with vehicle or PP1 (20 �M) for 1 h prior
to treatment with or without PRL (4 nM) for 20 min. Cell lysates were immunoblotted with the indicated antibodies, and representative experiments are shown.
C and D, 1.5 � 106 serum-starved T47D cells in low or high density collagen gels were treated with or without PRL (4 nM) for 5 (left) or 10 min (right). Cell lysates
were immunoprecipitated (IP) for FAK and immunoblotted with the indicated antibodies. Representative blots are shown.
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recruits other components to the complex (59), regulating focal
adhesion dynamics and cell migration (for reviews, see Refs.
54–56). In cancer, focal adhesion turnover allows tumor cells to
break free of their attachments to the ECM, facilitating invasion
and tumor progression (67). In mouse models, mammary tis-
sue-specific ablation of FAK retards tumorigenesis and metas-
tasis and reduces epithelial progenitor populations (35, 68, 69).
Additionally, many other protumorigenic growth factor signal-
ing complexes localize to focal adhesions in tumor cells (70, 71).
The localization of key extracellularly regulated signaling mol-
ecules, such as �1 integrin, SFK, and FAK, is modified by ECM
density (26, 72). Our observed increase in co-localization of
PRLR and FAK in stiff ECM would facilitate PRL signals

through the SFK-FAK-ERK1/2 pathway by bringing PRLR and
downstream signaling components into closer proximity.
Moreover, acute PRL stimulation under these conditions also
increased focal adhesion dissociation, allowing for cellular
motility.
The desmoplasia that accompanies tumor progression is well

characterized (25). Recent studies demonstrate that collagen
alignment as well as density can be altered in invasive tumors,
and straight, perpendicularly aligned fibers create avenues for
cell movement and invasion (41, 49, 50). Tumor-associated
fibroblasts are key producers of excess collagen in and around
the primary tumor. Interestingly, PRL augments transcripts for
matrix components in normal murine mammary glands (73),3
consistent with epidemiological data associating PRL with
increased mammographic density (74, 75). Moreover, a recent
report suggests that PRL may act directly on tumor-associated
fibroblasts (76) in addition to enhancing collagen realignment
in stiff matrices as reported herein. Tyrosine kinase inhibitors,
which block activation of ERK1/2 and AKT, inhibit both prolif-
eration and collagen synthesis in tumor-associated fibroblasts
(77). In light of the ability of PRL to potently cooperate with
growth factors to activate these signaling pathways (15, 16),
these interactions deserve further investigation. Together,
the altered PRL-initiated signals and consequences for cell
behavior described in the current study in the context of the
literature begin to define a feed-forward loop in which PRL
actions in breast cancer not only are altered by matrix stiff-
ness but where PRL itself directly contributes to the density
and organization of the matrix to promote the progression of
breast cancer.
The responses of breast cancer cells to PRL in high density

matrices described here are quite distinct from those of primary
pregnant mammary epithelia in a “normal” ECM. Under phys-
iological conditions in vivo and in three-dimensional laminin
culture in vitro, integrin input is independent of FAK but
instead activates integrin-like kinase and RAC1 to enhance
PRL-induced pSTAT5 and prompt mammary epithelia to
undergo differentiation and produce milk proteins (45, 46).
When these normal cells are cultured in noncompliant matri-
ces of either laminin or collagen I, PRLR, pSTAT5, and milk
protein expression is reduced (78). In combination with our
studies, these reports underscore the importance of stromal
stiffness in determining the outcome of PRL exposure regard-
less of the target epithelium. In addition, the characteristics of
breast cancer epithelium, including stabilized PRLR (79), likely
strengthen the protumorigenic responses to PRL in stiff matri-
ces that we observed here.
We have shown that ECM density can regulate the spectrum

of PRL signals, dramatically shifting the outcome of PRL
actions in breast cancer cells from prodifferentiation in a low
density environment to protumor progression in high density
matrices. Our data provide mechanistic insight into how des-
moplasia enables PRL to drive cancer progression in marked
contrast to its physiologic actions, providing experimental sup-
port for the epidemiologic data. Furthermore, they show how

3 D. E. Rugowski and L. A. Schuler, unpublished data.

FIGURE 6. HD culture increases co-localization of PRLR and pFAK-Tyr397.
Serum-starved T47D cells in LD or HD collagen gels were fixed, stained for
PRLR and pFAK-Tyr397, and visualized by confocal microscopy as described
under “Experimental Procedures.” Green, PRLR; red, FAK-Tyr(P)397. A, repre-
sentative image of cells in LD. B, representative image of cells in HD. C, quan-
tification of co-localization utilizing the threshold method of Costes et al. (38).
Means � S.D. (error bars) are shown. n � 3 experiments with at least 20 cells
per density in each experiment. The asterisks denote statistically significant
differences between treatments determined by two-way ANOVA followed by
unpaired t test. ***, p � 0.001. Scale bar, 25 �m.
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PRL itself can contribute to this component of the microenvi-
ronment, creating a feed-forward loop in cancer progression.
These studies provide novel insights into the complex actions
of PRL in mammary biology and point to potential new thera-
peutic targets in breast cancer.
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